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(a) St. Matthew (372M trianglesap-  (b) RichtmyerMeshlov isosurfice
proximatedwith 1.5M voxelsand345K  (472M triangles approximated with
triangles) 4.2Mvoxelsand137K triangles)

(c) Boeing 777 (350M triangles ap-
proximatedwith 1M voxels and 3.4M
triangles)

(d) All threedatasetst once(1.2Gtri-
anglesapproximatedwvith 4.0M voxels
and595K triangles)

Figurel: View-dependentrendering of extremelycomplexmodels. Thesemulti-gigabytedatasetsover awide rangeof modelclassesWe canrendertheminteractiely at 1pixel
toleranceona Xeon2.4GHz PCwith 1GB RAM andaNVIDIA GeForce6800GTAGP8Xgraphicsboard.

Abstract

We presentan ef cient approachfor end-to-endout-of-corecon-
structionand interactize inspectionof very large arbitrary surface
models. The methodtightly integratesvisibility culling and out-
of-coredatamanagemenwith alevel-of-detailframavork. At pre-
processindime, we generatea coarsevolumehierarcly by binary
spacepartitioningthe input triangle soup. Leaf nodespartition the
original datainto chunksof a x ed maximum numberof trian-
gles, while inner nodesare discretizedinto a x ed numberof cu-
bical voxels. Eachvoxel containsa compactdirection dependent
approximationof the appearancef the associatedolumetricsub-
partof themodelwhenviewedfrom a distance Theapproximation
is constructedoy a visibility aware algorithmthat ts parametric
shadergo samplesobtainedby castingraysagainstthefull resolu-
tion datasetAt renderingime, thevolumetricstructure maintained
off-core, is re ned andrenderedn front-to-backorder exploiting
vertex programsfor GPU evaluationof view-dependenvoxel rep-
resentationshardware occlusionqueriesfor culling occludedsub-
trees,andasynchronou$O for detectingandavoiding dataaccess
latencies. Sincethe granularityof the multiresolutionstructureis
coarse,datamanagementiraversal and occlusionculling costis
amortizedover mary graphicsprimitives. The ef ciency andgen-
erality of the approachs demonstrateavith the interactve render
ing of extremelycomplex heterogeneousuriacemodelson current
commoditygraphicsplatforms.
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1 Intro duction

Many importantapplicationdomainsjncluding 3D scanningcom-
puteraideddesignandnumericakimulation requiretheinteractve
inspectionof hugegeometricmodels. Despitethe rapid improve-
mentin hardware performance renderingtoday's multi-gigabyte
datasetst interactve rateslargely overloadsthe performanceand
memory capacityof state-of-the-arhardware platforms. To over
come this limitation, researcherdhiave proposeda wide variety
of output-sensitie renderingalgorithms,i.e., renderingtechniques
whoseruntime and memoryfootprint is proportionalto the num-
ber of imagepixels, not to the total modelcompleity. Very few
techniquesexist, however, that tightly integrate visibility culling
and out-of-corerenderingwith level-of-detail managementjmit-
ing the applicability of the different approachedo only specic
classesf objects. The lack of one of thesetechniquespr their
independenapplicationwithin arenderingengine posesmportant
problemswhendealingwith datasetshatcombinecomplicatedhe-
ometryandappearanceith alargedepthcompleity. Consideyfor
instancethemostadwancedmethoddor renderingargescalemod-
elswith ne geometricdetails[Yoonetal. 2004;Gutheetal. 2004;
Cignoni et al. 2004], which are basedon multiresolutionpoint- or
vertex- hierarchiexonstructeaff-line througha geometricsimpli-
cation process. Typically, thesemethods that repeatedlymege
nearbysurface points or meshverticesbasedon error minimiza-
tion considerationgperformbestfor highly tessellatedurfaceshat
are otherwiserelatively smoothand topologically simple, sinceit
becomedlif cult, in othercasesto derive good“average”merged
properties Moreover, andmostimportantly the off-line simpli ca-
tion processhatgeneratethemultiresolutiorhierarcty from which
view-dependentevels of detail are extractedat renderingtime is
essentiallyunavare of visibility. Whenapproximatingvery com-
plex models however, resolvingthe orderingandmutualocclusion
of even very close-bysurfaces,potentially with differentshading
propertiesjs of primaryimportanceg(see gure 2).

Main contributions. We presenta new efcient approachfor
end-to-endut-of-coreconstructionrandview-dependentendering
of very large arbitrarysurfacemodelson commoditygraphicsplat-
forms. The methodtightly integratesvisibility culling andout-of-
coredatamanagementith level-of-detailconstructiorandrender
ing. Theunderlyingideais to departfrom currentpoint- or triangle-
basedmultiresolutionsurface modelsand adopta volumetric ap-
proachbasedon more complex renderingprimitives. At prepro-
cessingtime, we generatea coarsevolume hierarcly by a binary



Figure2: Boeing777enginedetails (left) and isosurfacedetails (right). Thesekinds
of object,composedf mary looselyconnectednterweaing detailedpartsof comple
topologicalstructure arevery hardto simplify effectively usingoff-line geometricsim-
pli cation methodghatdo nottake into accountisibility.

spacepartitioning procesf the input dataset.Leaf nodessimply
split the original datainto chunksof a x ed maximumnumberof
triangles,while inner nodesarediscretizednto a x ed numberof
cubicalvoxels. Eachvoxel containsa compacidirectiondependent
approximatiorof the appearancef the associatedolumetricsub-
partof themodelwhenviewedfrom adistance Theapproximation
is constructedy a visibility aware algorithmthat ts parametric
shadergo samplesobtainedby castingraysagainstthe full resolu-
tion datasetAt renderingime, thevolumetricstructuremaintained
off-core, is re ned andrenderedn front-to-backorder exploiting
vertex programsfor GPU evaluationof view-dependentoxel rep-
resentationshardware occlusionqueriesfor culling occludedsub-
trees,and asynchronoud/O for avoiding out-of-coredataaccess
latencies. Sincethe granularityof the multiresolutionstructureis
coarse datamanagementraversalandvisibility culling costsare
amortizedover mary graphicsprimitives,anddisk/CPU/GPUWom-
municationcanbe optimizedto fully exploit the complex memory
hierarcty of moderngraphicsPCs.

Advantages. The resultingtechnique,dubbedFar Voxels has
the following properties:it is applicableto a wide rangeof model
classes,that include very detailed colored objects composedof
mary loosely connectedinterweaing detailed parts of comple
topologicalstructure;it is fully adaptve andis able to retainall
the original topological and geometricaldetail even for massie
datasetsit is strongly GPU bound,sinceits coarsegrainedstruc-
ture successfullyexploits the batchedrenderingmodel of current
commoditygraphicsplatforms;multiresolutionrepresentationsan
beconstructedn parallelwith a out of corealgorithm.

Limitations.  As for all currentlarge scalemodel renderingap-
proachespur methodhasalsolimitations: it hasbeendesignedor

staticmodels editingis not supportedthesamplingand tting pro-

cessis generalandsupportsmary modelkinds, but at the expense
of high preprocessingostsor aliasingproblemsf notenoughrays
areshot;the particularrenderingprimitivesemployedin this paper
are phenomenologicahnd appropriatemostly for diffuse materi-
als— generalizinghemis animportantavenueof future work; the
splattingmethodusedfor renderingdoesnot correctlyhandletrans-
pareng; our currentrendererimplementationstrives to maintain
interactivity ratherthanensuringstrictguaranteesnimagequality;

we have currently not implementedout-of-corecompressiorand
speculatie prefetching— theseare orthogonalto our method,but

importantto reducepercevedre nementlateng.

Despitetheselimitations, the currentmethodand prototypesys-
temis of immediatepracticaluseandprovidesunprecedenteger
formancein renderingvery large complex models. As highlighted
in section2, while certainothermethodssharesomeof Far Voxels
adwantagesthey typically do not meetits capabilityin all of thear
eas.A generalovervien of our approachis presentedn section3,
while section4 introducesa generalout-of-coretechniquefor con-
structingthe multiresolutionmodel, and section5 describessiew-
dependente nementandrenderingalgorithms.Theef ciency and
generalityof theapproacthasbeensuccessfullyevaluatedwith ex-
tremelycomplex CAD, isosurfice,andscannednodels(section6).

2 Related Work

Rapidlyrenderingadaptve representationsf largemodelsis avery
active researcharea. In the following, we will discussthe ap-
proacheshataremostcloselyrelatedwith our work. Readersnay
refer to recentsurweys (e.g.,[Chianget al. 2003; Cohen-Oret al.
2003])for furtherdetails.

Out-of-co re view-dependent simpli cation.  Thevastmajor
ity of view-dependensimpli cation methodsfor generalmeshes
arebasedn constructingagraphof possiblere nement/coarsening
operationsat the point, vertex, or trianglelevel. Up until recently
mosttechniquesequiredanincorepreprocessingtep,eventhough
renderingwas performedout-of-core. QSplat[Rusinkievicz and
Levoy 2000],basedn a out-of-corehierarcly of boundingspheres
traversedat run-time to generatepoint splats,was the rst fully
out-of-corepoint-basednethod,while Lindstrom's [2003] scheme
basedon vertex clusteringon a rectilinearoctreewasthe rst fully
out-of-coremesh-basetechnique.As for all classicadaptve ren-
deringtechniguesthesemethodsspendsa greatdeal of rendering
timeto computetheview-dependentepresentatioanddonotscale
well to gigantic meshes. A numberof authorshave thusproposed
variouswaysto pushtherenderingoerformancdimits in particular
situations.Therandomizedz-buffer [Wandet al. 2001]usesa hier-
archicaltraversalof a structurewherethe leaf nodescontainarrays
of randonmpointsamplesThey focusonscenesvith mary instances
of simple objects. Stammingerand Drettakis[2001] dynamically
adjuststhe point samplingrate for renderingcomplex procedural
geometryat high framerates,but they requirea parameterization
of themodel,while we focuson arbitrarily comple« environments.
A numberof authorshave recentlyproposedechniqueseducing
the perprimitive workload by using coarsemultiresolutionstruc-
turesthat composeat run-time pre-assembledptimizedprimitive
groups[Erikson et al. 2001; Levenbeg 2002; Cignoni et al. 2003;
Yoonetal. 2004; Gutheet al. 2004; Cignoni et al. 2004; Gobbetti
andMarton2004]. We alsofollow thisapproachAll thementioned
methodsemploy, however, error metricsde ned on the boundary
surfaceof the objects,andarethusoptimizedfor smallnumbersof
high-compleity, densely-tessellateabjects,ratherthanfor mary
objectsforming a topologically rich assembly A numberof au-
thorshave proposedopologyreducingtechniquesisingintermedi-
ate volumetricrepresentationée.g, [Andujar et al. 2002]). These
methods,however, are view independentand have beenapplied
mostlyto off-line meshsimpli cation.

Visibility culling.  Visibility culling approachearebroadlyclas-
si ed into from-pointandfrom-regionvisibility algorithmgCohen-
Or etal. 2003]. From-region algorithmscomputea potentiallyvis-

ible set(PVS) for cellsof a x ed subdvision of the sceneandare
appliedof ine in apreprocessinghase From-pointalgorithmsare
appliedonline for eachparticularviewpoint. For generalenviron-

ments,accuratePVSsare hard to compute[Bittner et al. 2004].
Image-baseacclusionrepresentationare thus widely used,and
themostrecentalgorithmsexploit graphicshardwareto performon-

line visibility culling [Bittner et al. 2004; Yoon et al. 2004; Zhang
etal. 1997;Klosowski and Silva 2001]. Our methodcombinesan
off-line phase,integratedwith level-of-detail generation that re-

moves voxels practically always occluded,with an on-line phase
that exploits hardware occlusionqueriesto perform coarsehier

archicalvisibility culling. Spatiotemporatoherences exploited
asin [Bittner et al. 2004] to optimize the schedulingof queries.
Few approachesxist that integrate LODs with occlusionculling

bothin the constructionandrenderingphases.Notableexceptions
are hardly visible sets[Andujar et al. 2000], andvisibility guided
simpli cation [Zhang and Turk 2002], which, however, are non-
conserative techniqueshatfavor modelsimpli cation in areaghat
arelikely to beoccluded.



Hybrid rendering approaches. Marny hybrid algorithmshave
been proposedthat combine multiple techniquesto rendermas-
sive models. A representatie exampleis the MMR/Gigawalk sys-
tem[Aliagaetal. 1999; Govindarajuet al. 2003], which combines
static LODs, HLODs [Erikson et al. 2001] and image basedim-
postorswith occlusion culling and out-of-core computationand
is applicableto large CAD modelsthat can be naturally parti-
tionedinto rectangularcells. El-Sanaet al. [2001] andthe iWalk
system[Corréa et al. 2003] combinedview-dependentendering
with approximateocclusion culling for highly occludedscenes.
Chenand Nguyen[Chenand Nguyen2001], Cohenet al. [2001]
and Guthe et al. [2004] presentednethodsfor combining multi-
resolutionpolygonandpointrenderingapplicabledenselysampled
surfaces.Thesesystemsareoptimizedfor particularmodelclasses,
andare hardly applicableto extremely detailedmodelswith vari-
abledegreesof occlusion.A few systemsasedon volumetricrep-
resentationfiave beenproposedWimmeretal [2001] followedan
approachsimilarto oursfor dataresamplingput focusedon encod-
ing the appearancef pre-shadednodelsasseenfrom a view cell.
LivnatandTricoche[2004] presentednisosurficeextractiontech-
niguethat, similarly to our work, approximatesnternalnodesof a
LOD BSPtreewith apointwhenanodeprojectsto lessthanapixel.
Decaudinand Neyret [2004] alsouseda volumetricapproach put
their systemis specializedo proceduraforestscenesbtainedby
repeatednstancingof volumetrictexturetiles.

Interactive ray-tracing approaches. An alternatve to rasteri-
zationis to useray tracingtechniques Thanksto spatialindexing,
ray queriescan be answeredn logarithmic time, and only those
partsof the scenethat are visible needto be accessed.A num-
ber of authorshave thus designedraytracingsystemsfor massie
modelvisualization.Pharretal. [1997] proposeda cachingscheme
thatreordergheraysin away thatminimizesdisk 1/0. DeMarleet
al. [2004] presentegparalleltechniquedor ef ciently distributing
modelsandtaskson a large distributed cluster Wald et al. [2004]
presentedh heavily optimizedsystemthat exploits SIMD instruc-
tions for renderinglarge polygonalmodelson a dual OpteronPC
with 6GB RAM. A small numberof in-core volumetricproxiesis
exploitedfor representingnot-yet-loadedjeometryin orderto hide
disk I/O latencies.While the resultsobtainedwith this methodare
impressve, achieving 3-7 fps atvideoresolutionfor theBoeing777
datasetthelack of multiresolutiondataforcesthe algorithmto ac-
cesslarge partsof the dataseffor producinga single frame (e.qg.,
over 2GB for a 640x4801 ray/pixel overview of the Boeing 777
dataset)Moreover, themethoddoesnotemplogy GPUacceleration.
By fully exploiting currentGPUs,we demonstratehatit is possi-
ble to achieve nearlyoneorderof magnitudehigherframerateson
lower end 32 bit machines.Given currentCPU/GPUperformance
trends this gapis likely doomedto widen.

3 Multiresolution model overview

Our approachthat exploits the programmabilityand batchedren-
deringperformanceof currentGPUs,is basedon the ideaof mov-

ing thegrainof the multiresolutionsurfacemodelup from pointsor

trianglesto small volumetricclusterswhich represenspatiallylo-

calizeddatasetegionsusinggroupsof (procedural)graphicsprim-

itives. The clustersprovide the capability of performingcoarse-
grainedview-dependente nementof the modelandarealsoused
for on-linevisibility culling andout-of-corerendering.

Figure3 providesanovervien of the approach.To generatehe
clustersthe modelis hierarchicallypartitionedwith a axis-aligned
BSPtree.Leafnodesartitionfull resolutiondatainto x edtriangle
countchunkswhile innernodesarediscretizednto a x ednumber
of cubicalvoxelsarrangedn aregulargrid.

Finding a suitablevoxel representations challenging,sincea
voxel region cancontainarbitrarily complex geometry To simplify

Figure 3: Multir esolution structure overview. The modelis hierarchically parti-
tionedwith a axis-alignedBSP tree. Leaf nodesare renderedusingthe original tri-
angleswhile innernodesareapproximatedisingview-dependentoxels.

theproblem,we assumehateachinnernodeis alwaysviewedfrom
the outside,and at a distancesufcient to projecteachvoxel to a
very smallscreerarea(say belov oneimagepixel). This constraint
canbemetwith a suitableview-dependente nementmethod that
re nes thestructureuntil aleafis encounteredr theimageof each
voxel is smallenough(seesection5). Underthis condition,a voxel
alwayssubtends very smallviewing angle,anda purely direction
dependentepresentatiomf shadinginformationis thus sufcient
to produceaccuratevisual approximationsof its projection. This
approximationis similar in spirit to the lumispheregWood et al.
2000]employedfor surfacelight eld renderinggexceptthatwe do
not associateshadedllumination samplego every ray originating
from asurface,but ratherpre ltered voxel shadingnformation.

To constructa view-dependenvoxel representationye employ
avisibility awvaresamplingandreconstructiortechniquedetailedin
section4. We rst acquirea setof shadinginformationsampledy
ray castingthe original modelfrom alarge numberof appropriately
choserviewing positions.Eachsampleassociateare ectanceand
anormalto a particularvoxel obserationdirection. We thencom-
presshesesamplego ananalyticalform thatcanbe compactlyen-
codedand rapidly evaluatedat run-time on the GPU to compute
voxel shadinggivenaview directionandlight parameters.

4 Construction

Theoff-line componenbf ourmethodconstruct@spacepartitioned
multiresolution structurestarting from the full resolutionmodel,
thatwe assumewithoutlossof generality representedsatriangle
soupi.e.,a at list of triangleswith directvertex information.

4.1 Mesh partitioning and deep BSP construction

The rst preprocessinghaseconsistsin spatially partitioning the
sceneaccordingto anaxis alignedBSPtree,whoseroot coincides
with the meshboundingbox and whoseleaves containlessthan
a small prede nednumberof meshtriangles. The BSPtree con-
structedin this phasewill beexploitedto acceleratéheray casting
processand sernes as a basisfor constructingthe multiresolution
volumetricstructure.The BSPis constructeaut-of-coreaccording
to the surface-aredeuristic[MacDonaldand Booth 1990], which

producesubdvisionsthatcloselyencompasthemodel,andstored
in memorycoherenorder[Havran 1999]. EachBSPleaf pointsto

thelist of trianglesthatpasgroughit, in aformatoptimizedfor ray-

triangleintersectiorfArenbeg 1988]. The nal structurestoredon

disk in binary form, can be usedfor out-of-coresamplingof the
scene by mappingit to the useraddresspaceandletting the OS
managealemandoadingon a perpagebasis.

4.2 Level-of-detail hierarchy construction

Oncethe deepBSPtreeis available,we exploit it for constructing
thelevel-of-detailstructurefor thescene We rst generatehe nal



multiresolutionstructurelayoutby constructinga coarsehierarchi-
calstructureontop of thedeepBSPhierarcly. In thislayout,empty
nodesareremoved,while leaf nodesareassociateavith subtreeof
thedeepBSPthatapproximatelycontaina numberof trianglescor-
respondingo the speci ed clustersize.We thentraversethe coarse
hierarcty andgeneratdor eachnodethe nal representationyhich
isimmediatelystoredon disk. Nodesarevisitedlevel by level, and,
at eachlevel, in orderof geometricproximity. To obtainthat, the
nodesata givenlevel aresortedby increasingMorton codeof their
centerpoint. This traversalorderoptimizesmemorycoherencet
constructiortime, andevenmoreimportantly atrenderingime. To
furtherincreasememorycoherencethe hierarchicaldatastructure
issplitondiskintotwo les: anindex treeandadatarepository The
index treehasa smallfootprint, sinceit containsfor eachnode just
the datarequiredfor traversal (boundingbox, voxel size, andin-
dex of thetwo children),andrefersto the associatedenderingdata
througha 64 bit offset into the repositoryand a 32 bit size. The
repositorycontainsall the datarequiredfor renderinghe node.

Generatingenderingdatais the main constructiortask. In our
approacheachleaf nodeis encodedasa generalizedrianglestrip
coveringthegeometrycontainedn it, thusretainingall theoriginal
topologicalandgeometricadetail. To generatehe strip, triangles
areextractedfrom the deepBSPsubtreeassociatedb thegenerated
nodeandclippedto the nodes boundingbox. Connechity is re-
constructedrom independentrianglesby vertex positionhashing.
Non-leafnodescontaininsteada volumetric simpli cation, gener
atedfrom adiscretizationof the boundingboxinto a x ed number
of (approximatelyubicalvoxelsarrangedn aregulargrid.

Sampling process. To constructa view-dependenvoxel repre-
sentationshadingnformationsamplesareacquiredoy castingrays
againstthe deepBSPof the original modelfrom a large numberof
possibleviewing position. To generatehe sampleswe exploit the
factthata given nodewill be alwaysviewed from a distancesuf-
cient to have eachvoxel subtenda very small viewing angle. We
providethepreprocessowith aworstcasevaluegmaxfor thisangle,
which will correspondo the coarsespossibleaccurag for view-
dependentenderingseesections). Giventhevoxel radiusr oy, We
derive the minimumviewing distanced,;;, = rvox=tan(gmax=2), and
castagainstthedeepBSPalargenumberof randomraysoriginating
onthesurfaceSatdistanced,,;, fromthenodesboundingvolumeB
andrandomlydirectedtowardit (see gure 4). For eachhit position
insideB, we computethevoxel index, andstorein anassociatedist
a recordcontainingthe intersectedsurfacere ectance,its normal,
andthe ray direction. Hits outsideB aresimply discarded.At the
endof the processeachpotentiallyvisible voxel will beassociated
to alist of samplescoveringall the unoccludedlirections.An im-
portantpropertyof the samplingstratey is that,givenasufciently
large numberof rays, visibility problemsareconseratively solved
for arbitraryview positionsoutsideSby usinginformationfrom the
entireervironmentenclosedy S. In particular voxels thatdo not
containsurfaceboundariesaswell asvoxelsthatarefully occluded,
will beempty At the sametime, for eachvoxel, only visible sur
facesaresampledandonly from thosedirectionswherethey canbe
seen.As demonstrateih section6, this visibility awaresampling
strat@y is extremelyeffective for complex models,aservironmen-
tal occlusionleadsto eliminatea large portion of the voxels (over
40%for theBoeing777datasetandminimizesartifactsdueto leak-
ing of occludedobjectscolorsthroughnearbyoccludingsurfaces.
Thisray castingbasedsamplingstratay is very generabndsup-
portsmary modelkinds, but at the expenseof high preprocessing
costsor aliasingproblemsf notenoughraysareshot. For simplic-
ity of implementationywe decidedo casta x ednumberof raysper
volume,eventhoughclassicraytracingsamplingmethodshat cast
moreraysin high varianceregionscould de nitely be usedto im-
prove accurag. A promisingdirectionto reduceprocessingimes
while keepingaliasing problemsunder control would be to con-

structthe structuren abottom-upfashion,andcastraysagainstthe
alreadyconstructedmultiresolutionstructureinsteadof sampling
theoriginal modelateachnode.

Figure4: Sampling process Shadingnformationsamplesreacquiredby ray casting
themodelfrom alarge numberof possibleviewing positionsat distanced,,;, from the
volume. Environmentalocclusionis taken into accountto remove always occluded
voxels arndto restrictthe samplingto potentially visible surfaces. In the image,the
blue objecthidestheyelloow one,andonly grayvoxelsareconsiderechon-empty

Parametric shader compression. The samplelist for each
voxel providesall the informationfor computingview-dependent
shading. To generatea morecompactandef cient representation,
we compresshesesampledy tting themto simpleparameterized
shademodels,and choosingthe shaderthat providesthe bestap-
proximation.Eachshaderconsistdan afunctionthatreturnsa color
attenuatiorgiven its internal parametersa view directionv anda
light directionl, i.e., Shader;(v;1) = BRDFE(v;l) maxn(v) [);0),
wheren(v) is the surfacenormalseenfrom v. Insteadof deriving
ageneraburposeshaderwe assuméhata smallnumberof shader
classexanbe usedto modelcommonsituations(see gure 5). In
our currentprototype we have implementedhefollowing classes:

Kla A at shaderparameterizedby a planenormal,a front ma-
terial, anda backmaterial thatimplementshe standardwo-
sidedLambertre ection model. Thenormalis foundby aver
agingall samplednormals,while the colorsarefound asthe
front andbackaverage.

K1lb The sameasabore, with the normal computedby principal
componentnalysisof the samplechit positions.

K2 A smoothshader parameterizedy 6 re ectanceand 6 nor
mal control pointsassociatedo the main viewing directions
( x vy, 2),foundby averagingsampledraluesaccordingo
the associateday direction. Lambertshadingparametersre
found from v by summingthe valuesat the threenearestef-
erencdirectionsweightedby therespectie directioncosine.

The shaderselectedor a particularvoxel is found by constructing
an instanceof eachshaderclassk using a randomsubsetof the
samplesWe thenusethe remainingsampledo measurehe differ-

encein shadingfor anumberof randomlight directions!;: e® =

2
&;4; BRDECa™d(y | ymaxn; 1;;0) shader®(v;1)) .
The shaderinstancewith minimum error is then selectedand its
representatiors stored.

Eventhoughtheshadesamplingand tting methodis very gen-
eral, the particular shadersdescribedhere are phenomenological
andappropriatemostly for diffuse materials. They have beencho-
senmostly becauseof easeof implementationand ef ciency of
computation. Generalizingthemis an importantavenueof future
work.

Output data encoding. Sinceour currentrenderelis basedon
voxel splattingandvertex shadergsees), we only storenon-empty
voxels,andencodesachshadeiparameteim aspeci c vertex array



Figure5: Primiti ve distribution. Thetop partof theimageshavs the modelaspre-
sentedo the viewer. The bottompartillustratesthe primitive classdistribution using
a color code: red for K2 shaderswhich tendto accumulateon complex voxels, yel-
low for K1 shaderswhich tendto accumulaten almostplanarsurfaces andwhite for
triangles,usedfor full resolutionleafs.

muchin the sameway we encoderiangle strip datafor leaf nodes
(see gure 6). In our currentimplementationye do not compress
datato a compactexternalformat, but ratherdirectly encodeeach
valuein OpenGLformat, using4 bytesfor colors,6 bytesfor nor
mals, and 6 bytesfor relative positionsinside a box. Exploiting
compressiortechniquedor reducingdisk usageand|l/O needss a
majoravenuefor futurework.

Figure6: Output data encoding All datarequiredfor rendering's encodedn vertex
arrayformat.

Parallel out-of-core construction. Thehierarcly construction
phasedominatesby far, theoverall processingost,mainly because
of thescenesamplingprocessThewholeprocesss howeverinher
ently massiely parallel.For this paperwe have adoptedhe simple
solutionof separatinghe input modelsinto chunksof 20-30M tri-
angleseachwith avery coarseBSPpartitioningandto distributethe
chunksto N machineghatexecutein parallel,andout-of-core the
restof the preprocessingAs a result,we obtaina forestinsteadof
asingletree.

5 View-dependent rendering

At renderingtime, the volumetric structures maintainedoff-core,
arere ned andrenderedn front-to-backorder exploiting vertex
programgfor GPU evaluationof view-dependentoxel representa-
tions,hardwareocclusionqueriedfor culling occludedsubtreesand
asynchronou$/O requestdor avoiding out-of-coredataaccesda-
tengy.

Re nement algorithm.  Theuserselectedixel thresholdis the
valuethatdrivesthere nement: this valuerepresentthemaximum
requiredprojectedvoxel sizeon the screen.Thealgorithmtakesas
inputaforestof multiresolutionhierarchieandperformsabreadth-
rst front-to-backtraversal,makinguseof thefollowing datastruc-
tures: a nodepriority queue for sortingvisited nodesin front-to-
backorder;anocclusionqueryqueuefor storingpendingocclusion
queriesaGPU cade basednOpenGLs \ertex Buffer Objectsex-
tension for storingthemostrecentlyrendeednodesa RAMcade,
for storingthe mostrecentlyvisited nodes;a fetch requestpriority
queugfor storingasynchronouBO request$or nodesotyetavail-
able.

The traversalis initiated by insertingthe rootsof eachtreeinto
thenodepriority queueand,if thisis the rst frame,into theRAM

cache. We theniteratively remove and processthe highestprior-
ity nodefrom the nodepriority queueor from the occlusionquery
queueuntil bothqueuesareempty

Eachtime a nodeis extractedfrom the nodepriority queue we
markit by default asinvisible for the currentframe. We thencheck
whetherits boundingbox falls totally outsidethe view volume. If
so0, we simply stopwith this node,culling away its entire subtree.
If insteadthe nodeis at leastpartially within the view frustum,we
testwhetherto stopre nement, eitherbecausedhe nodeis a leaf,
or its projectedvoxel sizefalls belov the screenspacethreshold,
or its childrenarenot yet presenin the RAM cache.In thatcase,
thenodeis renderedwhile issuinga hardwareocclusionqueryand
storingit in the occlusionquery queue. If datais missing,fetch
request$or missingchildrenarepushedn thefetchrequespriority
queue.Whencontinuingre nement,we testwhetherthe nodewas
marlked visible at the previous frame. If so, we avoid testingfor
occlusionand immediatelypushits childrenin the node priority
queue.For previously invisible nodeson the otherhand,we issue
an occlusionqueryfor their boundingbox, which is thenstoredin
thequeryqueue.

The nodesqueriedfor occlusionare processeanly assoonas
theresultfor their occlusionqueryis availableor thereareno other
nodesto traverse. Eachtime anitem is extractedfrom the query
queuewe checktheocclusionqueryresult.If thenumberof visible
pixelsreturnedby the queryis zero,we simply stopwith this node,
culling away its entiresubtreebecausef occlusion.If insteadsome
pixelswerevisible, we markthenodeandits ancestorsisvisible. If
the nodewasnot alreadyrenderedijt is becauset is aninaccurate
non-terminalnodewith RAM cachedchildren. We thus continue
re nementby pushingits childrenin thenodepriority queue.

Sincethe structureis coarsegrainedandthe re ner never stalls
becausef I/0 requestshe methodis GPUbound.

Node rendering. Our current implementationrenders view-

dependentoxelsusingasplattingmethodthatdravs anantialiased
OpenGLpointprimitive pervoxel. At rendereinitialization, vertex

shadeprogramsspeci ¢ to eachprimitive classare compiledand
loadedon board. At noderenderingtime, we iterateon all possi-
ble primitive representationslf the numberof voxels/erticesfor

the given primitive classis non-null, we bind the associategro-

gram, load the vertex attribute datainto the appropriateprogram
parametersandissuea glDrawArrays to draw all voxelsatonce.
Triangle strip renderingcodefor leaf nodesfollows the samepat-

tern. To minimize bus trafc, eachtime a nodeis renderedwe

reusethe GPU cachedversionif present,otherwisewe renderit

andcacheits representatioim placeof the oldestone. In the cur-

rentimplementationthe primitivesthat composea particularnode
arerenderedn anarbitraryorder andwithout taking into account
their opacity This provides a renderingquality similar to that of

one-paspoint splattingmethodswhich is sufcient for our target
applicationshut limits our ability to correctlytreathigh resolution
texturesandtransparenc We arecurrentlyexploring waysto usea

texture-basedolumerenderingapproacho solve this problem.

Asynchronous I/O. Similarly to  Streaming QS-

plat [Rusinkiavicz and Levoy 2001], the fetch requestqueue
is traversedn orderof priority attheendof theframe,issuingonly

asmary requestsasthoseallowedby the estimated/O bandwidth,
andignoring the remainingones. In our currentimplementation,
thepriority of afetchrequests givenby thenodes parentprojected
voxel size. Accessto the datarepositoryis madethrougha data
accesdayer, that hidesfrom the renderemwhetherdatais local or

remote. This layer internally usesmemory mapping primitives
for local data,anda TCP/IP protocolfor remotedata. It makesit

possibleto asynchronouslynove in-corea nodeby fetchingit from

therepository to testwhethera nodeis immediatelyavailable,and
to move availablenodesto the RAM cache.



(a) St. Matthev 0.25mm(372M triangles)

(b) RichtmyerMeshlov Isosurfice(472M triangles)

(c) Boeing777(350Mtriangles)

(d) All modelsatonce(1.2Gtriangles)

Figure7: Inspection sequencesselectedrames. All imageswererecordedive on aXeon2.4 GHz PCwith 1GB RAM andaNVIDIA GeForce6800GTAGP8Xgraphicsboard

usinga 1 pixel tolerance.

6 Results

An experimentalsoftwarelibrary anda renderingapplicationsup-
porting the techniquehave beenimplementedn Linux usingC++
with OpenGL.We have extensvely testedour systemwith a num-
ber of large surface models. The quantitatve and qualitative re-
sultsdiscussecherearerestrictedto the threemodelsof gure 7,

that possiblyrepresenthe mostcomplex benchmarktestcasesn

their respectre domains:the St. Matthev 0.25mmdatase{(372M

triangles)is a very densehigh resolutionlaser scanningmodel;
the RichtmyerMeshlov Isosurfice dataset(472M triangles)is a
very convoluted meshwith holes,a hugedepthcomplity, anda
high genusgeneratedrom a very high resolution3D simulation
of RichtmyerMeshlov instability andturbulencemixing; the Boe-
ing 777 datase{350M triangles)is an exceptionallycomplex CAD

model,composedf mary looselyconnectednterweaing detailed
partsof comple topologicalstructurerepresentedsmeshe®f col-

oredtriangleswith widely varyingaspectatios.

Preprocessing. Tablel listsnumericaresultsfor ourout-of-core
preprocessingnethodfor all the testdatasets.The testswere exe-
cutedonamoderatelyfoadednetwork of 16 PCsrunningLinux 2.4.

EachPChastwo CPU Athlon 2200+CPUs,1GB DDR memory a

70GBATA 133harddisk,andaEthernetl0O0Mb/s network connec-
tion. We constructedll multiresolutionstructuresith aprescribed
maximumleaf sizeof 8K triangles/nodea prescribechon-leafdis-

cretizationsizeof 16K voxels/node 256K rays/nod€or sampling,
anda maximumvoxel viewing anglegmax= 0:5 degrees.
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Tablel: Numerical resultsfor out-of-core construction. Testsperformedon a net-
work of 16 PCs.

Overall processingimesrangefrom about1K input triangles/s
for 1 CPUto 20K input triangles/sfor 16 CPU. By contrast,pro-
cessingtimes for competingmultiresolutionapproache®asedon
geometricsimpli cation rangefrom 3K triangles/s[Yoon et al.
2004; Cignoni et al. 2004] for 1 CPU to 30K triangles/son 16
CPUsJCignoni etal. 2004]. The Far Voxels methodis thusslower,
eventhoughit seemso scalebetterwith thenumberof CPUs.

Our implementationrequires on average 70MB per million



vertices. This is comparableto QVDR (88MB) [Yoon et al.
2004], but sensibly higher than the TetraPuzzlesepresentation
(32MB) [Cignoni et al. 2004]. Out-of-coremodelcompressioris
amainavenueof futurework.

Totesttheeffectivenesof thestratgyy employedto cull occluded
voxels at preprocessingime, we have alsoreconstructedhe mod-
elswithouttakinginto accounervironmentocclusionj.e., by sam-
pling eachnodeseparatelyithout consideringg,,;,. The stratgy
provedvery successfulsinceit removesover 25% of voxelsfor the
isosurbcedataseand43%for theBoeing777. Thescanningnodel
is essentiallyunafecteddueto thelow depthcomplexity.

Adaptive rendering. We evaluatedthe renderingperformance
of the techniqueon a numberof inspectionsequencesn all test
datasetsysinga Linux PCwith aIntel Xeon2.4 GHz, 1GB RAM,
two 70 GB ULTRA SCSI320 harddrives, AGP 8x andNVIDIA
GeForce 6800 GT graphics. The qualitative performanceof our
adaptve rendereiis illustratedin anaccompaning video.

The sessionsvere designedto be representate of typical in-
spectiontasksandto heaily stressthe system,andinclude rota-
tions, rapid changedrom overall views to extremeclose-upsand
forcedvisibility discontinuities.To furtherillustratethe scalability
of themethod we have includeda testcaseshaving theinspection
of ascenecontainingall threemodels for atotal of over 1.2GBtri-
anglesand41GB of out-of-coredatadistributedamongthetwo PC
disks. Table2 lists numericalresultsfor all the sessions.
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Table2: Numerical resultsfor out-of-core rendering. Testsperformedon a Linux
PCwith alntel Xeon2.4 GHz, 1GB RAM, two 70 GB ULTRA SCSI320harddrives,
AGP8x andNVIDIA GeForce6800GT graphics.

As illustratedin this tableandin the accompaying video, our
systemis ableto maintaininteractvity in all testcaseswhile pro-
ducingdetailedimages.As explainedin section5, our currentren-
dererfavors interactvity ratherthenensuringstrict boundson ac-
curag, sincewe stopre nementand issuearynchronousl/O re-
questsvhendatahasto befetchedrom disk. However, eventhough
the maximumprojectedsize haspeakscausedy the renderingof
coarsemodeswhendatais notimmediatelyavailable, the average
projectedvoxel sizeis, asexpectedclose(or below) thetamettoler
ance(1 pixel), sincedueto temporalcoherencenly few nodesper
frame causeRAM/GPU cachemisses.The highestmaximumval-
uesarefor the largermodels,which have longerloadtimesdueto
increasedlisk footprint. The poppingartifactscausedy rendering
inaccuratenodescould be reducedby incorporatingcompression,
speculatie prefetchingor usingdisk RAIDs to sene thedata.

During the entire inspectionsequenceghe residentset size of
the applicationnever exceededl.5% of the out-of-coredatasize,
demonstratinghe effectivenesf out-of-coredatamanagement.

We cansustainan averagerenderingrate of around45M primi-
tives/sindependentlyf the model,countingasoneprimitive a sin-
gle voxel or triangle. Throughputcomparisonsvith classictessel-
lation techniquesaredif cult, sincewe emplgy heavier primitives
than pure Gouraudshadedtriangle strips. In our currentunopti-
mizedimplementationshadingrequires19—28vertex programin-
structionsdependingn primitive type. For simplemodels,suchas
thelaserscanningest-caseit is likely thatmethodssuchasTetra-
Puzzleswhichwasableto sustain7OM tri/s on a GeForceUltra FX
5800 GPU thanksto cache-cohererttiangle strips [Cignoni et al.
2004], would provide better performance. Multiresolution mesh
techniqguesvould however be hardly applicableto the otherexam-
plesdemonstratedhere. Evenin the currentimplementation the
primitive rateis high enoughto renderover 4.5M primitives/frame

atinteractve rates.It is thuspossibleto usevery smallpixel thresh-
olds, virtually eliminatingpoppingartifactswithout the needto re-
sort to costly geomorphingtechniques. The raw performanceof
the systemis particularly usefulfor large scaledisplay situations,
whereinteractie raytracingsolutionshave problemsmeetingreal-
time constraintdecausef thelargenumberof pixelsto becovered.
Figure8 shaws the largestsceneexaminedon a large scalestereo-
scopicdisplay assembledrom off-the-shelfcomponentsi.e., two
1024x768DLP projectorsconnectedo two outputsof thegraphics
card,polarizing Iters with matchingglassesanda backprojection
screerthatpreserespolarization.In thissetting,asinglePCis able
to rendertwo 1024x768imagesper frameat an averageof 20 Hz
with a1 pixel renderingiolerancewith aworstcaseof 3 Hz. Low-
eringthetoleranceto 2 pixelsincreaseshe minimum framerateto
9 Hz with little visualimpact.

Figure 8: Large scale stereoscopicdisplay. The largesttest case(1.2G triangles)
interactvely inspectedn alarge scalestereoscopidisplaydrivenby singlePC,which
rendergwo 1024x768magesperframewith a 1 pixel tolerance.

Network streaming. Somenetwork testshave beenperformed
on all testmodels,on a local areanetwork at 100Mb/susing the

TCP/IPprotocolto accesshedata.As illustratedin thevideo,ren-

dering rate remainsthe sameasthat of the local le version,but

updatesasynchronouslarrive with increasedateng. Theeffectis

illustratedin gure 9, whichshawvstheprogressiere nementof the

Boeing777datasebn amachineconnectedo a moderatelyjoaded
Linux box servingthe models. Even thoughour currentuncom-
pressednodelencodingis far from beingoptimal for the task,the

applicationremainsusableevenfor very large modelson standard
network connections.

7 Conclusions

We have presentednef cient techniqueor end-to-endut-of-core
constructiorandview-dependentenderingof very large heteroge-
neoussurfacemodelson commoditygraphicsplatforms. The main
bene t of the methodlies in its performanceandapplicabilityto a
wide variety of modelclasses.As a result,we obtainan unprece-
dentedspatiotemporatjuality in the interactve inspectionof mas-
sive modelsthat exhibit complicatedgeometryand topology het-
erogeneousaterialattributes,aswell aslarge variationsin depth
compleity.

Besidesimproving the proof-of-conceptimplementation,we
plan to extend the presentedapproachin a numberof ways. In
particular we arecurrentlyworking on thefollowing aspectscom-
pressiorof the outputdatarepresentatioto reducedisk usageand
I/O latengy; exploration of alternateview-dependenvoxel repre-
sentationsjmplementatiorof multi-resolutionsamplingmethods;
explorationof higherquality texture-basedolumerenderingmeth-
odsin placeof thecurrentpoint splatter;prefetchingandprediction
of occlusion/visibility eventsto reduceartifactsdueto the display
of coarsethanneedechewly visible objects.



Figure9: Streaming Progressie re nementof the Boeing777 datase{350M triangles)on a 100Mb/sconnection.
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